Abstract: Many infrastructure enhancement projects require underground utility mapping before starting any excavation processes, especially in urban areas. In fact, mapping of an area provides a general overview of the infrastructure above and underground. This mapping can be done by Ground Penetrating Radar (GPR), which is commonly used as a Non-Destructive Testing (NDT) technique that allows, among others, the detection and localization of buried utilities without any damage to the surface. This paper presents the results of mapping sewer lines in an urban region of the city of Tunis, Tunisia, using GPR. In this study a ground-coupled GPR system with a frequency of 400MHz was used to detect and locate the sewer lines in the study area. In order to reduce the amount of collected data over the large study area, some subareas were selected where GPR testing was conducted and data were analyzed. Then, sewer lines were interpolated over the whole area using the GPR results and the locations of manholes visible from the surface. It was shown that using this technique mapping of the pipes in the entire area can be achieved. All data presented in this study were collected by the Office of Topography and Cadastre (OTC) in Tunisia.
Introduction
Every year, in Tunisia, a lot of underground utilities (cables, pipes, etc.) are damaged by workers digging in their vicinity. These incidents can usually harm workers and/or residents and can also cause material damage and possible environmental pollution. This damage usually happens because the locations of underground utilities are unknown or not well documented, especially in old urban areas or because of differences between design locations and actual in-situ installations.
Detection of the underground utilities can be conducted by different techniques and technologies: (i) Visual inspection (closed-circuit television); (ii) sewer scanner and evaluation technology; (iii) pulsed technology; (iv) magnetic technology; (v) electromagnetic and radio frequency technology; (vi) resistivity technology, and (vii) acoustic technology [1] [2] [3] . Out of all these technologies, Ground Penetrating Radar (GPR), which is a subsurface radio frequency investigation method, has shown its effectiveness in the exploration of underground infrastructures [4] [5] [6] [7] . Among its advantages we can cite: Fast data acquisition, cost effectiveness for mapping large areas, and more accurate results compared to other non-destructive techniques because of its high-resolution images.
Particularly, Ground Penetrating Radar is an effective solution for nondestructively detecting, from the surface, all types of buried pipes without disturbing the structure [8] . In fact, the GPR emits Particularly, Ground Penetrating Radar is an effective solution for nondestructively detecting, from the surface, all types of buried pipes without disturbing the structure [8] . In fact, the GPR emits short electromagnetic pulses to the ground, which are later reflected back from the interfaces between the media of different dielectric constants [9] [10] [11] . The reflected signals are then displayed to the user for immediate analysis or recorded for later thorough processing.
Different studies have shown that the GPR technique can be used for the detection of subsurface utilities and therefore utility mapping [12] [13] [14] [15] [16] . These studies were based on the data collected from GPR only without any other information to increase the accuracy of the mapping. However, due to both economic and environmental considerations, there is an increased need for the development of better methods to accurately map subsurface sewer lines. In this paper, we will show that combining GPR data results with visual inspection information can greatly increase the accuracy of utility mapping and reduce the acquisition and data analysis times. This technique was applied on GPR data collected for a case study in Tunisia.
The area studied in this paper, is located at the Olympic City (see Figure1) in the North of the capital Tunis and near El Menzah Sports Complex. Based on available city documents, the study area has several buried objects such as electricity cables, optical fibers, gas pipes, metal ducts, plastic ducts, underground tanks, etc. In this study, only the mapping of underground sewer lines located in the area was carried out using the Ground Penetrating Radar technique.
The experimental results presented in this paper were obtained by a SIR-3000 system manufactured by Geophysical Survey Systems Inc. (GSSI) and a 400 MHz ground-coupled antenna that allows deep investigation depths varying between two and three meters with a resolution of 10 down to five cm. This system is well suited for the detection and localization of the buried sewer pipes in the studied area. This paper is organized as follows: in Section 2, we present the studied areas and the major data analysis steps carried out. In Section 3 we detail the GPR data acquisition procedure. In Section 4, we present the GPR data analysis and the mapping results. Finally, in Section 5, several conclusions are formulated based on the results.
Background
In order to accurately map the sewer lines buried in the study area, we combined the results of GPR scanning with the spatial locations of the connecting manholes. As a first step of this study, we started by selecting subareas from the global study area where the GPR scanning will be done. For the sake of simplification and to avoid the lack of accessibility to some areas under test, we chose The experimental results presented in this paper were obtained by a SIR-3000 system manufactured by Geophysical Survey Systems Inc. (GSSI) and a 400 MHz ground-coupled antenna that allows deep investigation depths varying between two and three meters with a resolution of 10 down to five cm. This system is well suited for the detection and localization of the buried sewer pipes in the studied area. This paper is organized as follows: in Section 2, we present the studied areas and the major data analysis steps carried out. In Section 3 we detail the GPR data acquisition procedure. In Section 4, we present the GPR data analysis and the mapping results. Finally, in Section 5, several conclusions are formulated based on the results.
In order to accurately map the sewer lines buried in the study area, we combined the results of GPR scanning with the spatial locations of the connecting manholes. As a first step of this study, we started by selecting subareas from the global study area where the GPR scanning will be done. For the sake of simplification and to avoid the lack of accessibility to some areas under test, we chose only nine GPR scanning sites (labeled SC-1 to SC-9) located in different crossroads. These sites are marked in Figure 2 by nine pins.
Figure 2.
The GPR scanning sites shown on a Google Earth image.
The second step consisted in the preparation of sketch diagrams of each subarea containing mainly the locations of the manholes, which are visible from the surface. In the next step, the directions of the buried sewer lines where determined based on the collected GPR radargrams and then drawn using MapInfo [17] . In the final step, the manholes were bound to the pipes to create a map of the sewer pipes in the area. These major steps are depicted in the following flowchart ( Figure  3 ). 
Data Acquisition
The response recorded by GPR, after placing the antenna above a target, is a 1-D signal called A-Scan representing GPR data collected for a fixed time period over a single position of the studied area. It is obtained by sampling, over a fixed time window, the electromagnetic pulses transmitted by GPR and then reflected by dielectric discontinuities in the studied structure. A collection of these traces (A-Scans) is called a B-Scan [18] . It is obtained by moving the antenna along a line and taking GPR data at different positions.
In order to scan the whole area of each section (SC-1 to SC-9) and detect sewer lines in the different directions, GPR B-Scans were taken along the x-axis (labeled sl_x_i, where i is the scan line number along the x-axis) and parallel to the y-axis. Another set of GPR B-Scans was taken in the same area along the y-axis (labeled sl_y_i, where i was the scan line number along the y-axis) and parallel to the x-axis. A summary of these data sets is reported in Table 1 The second step consisted in the preparation of sketch diagrams of each subarea containing mainly the locations of the manholes, which are visible from the surface. In the next step, the directions of the buried sewer lines where determined based on the collected GPR radargrams and then drawn using MapInfo [17] . In the final step, the manholes were bound to the pipes to create a map of the sewer pipes in the area. These major steps are depicted in the following flowchart ( Figure 3 ). only nine GPR scanning sites (labeled SC-1 to SC-9) located in different crossroads. These sites are marked in Figure 2 by nine pins.
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In order to scan the whole area of each section (SC-1 to SC-9) and detect sewer lines in the different directions, GPR B-Scans were taken along the x-axis (labeled sl_x_i, where i is the scan line number along the x-axis) and parallel to the y-axis. Another set of GPR B-Scans was taken in the same area along the y-axis (labeled sl_y_i, where i was the scan line number along the y-axis) and parallel to the x-axis. A summary of these data sets is reported in Table 1 
In order to scan the whole area of each section (SC-1 to SC-9) and detect sewer lines in the different directions, GPR B-Scans were taken along the x-axis (labeled sl_x_i, where i is the scan line number along the x-axis) and parallel to the y-axis. Another set of GPR B-Scans was taken in the same area along the y-axis (labeled sl_y_i, where i was the scan line number along the y-axis) and parallel to the x-axis. A summary of these data sets is reported in Table 1 along with the number of scan lines Figure 4a shows the GPR scan lines collected in section SC-9. Figure 4b ,c shows the recorded B-Scans in section SC-9 along the y-axis and x-axis, respectively. The y-axis in these two figures represents the two-way travel-time of the reflected GPR pulses. All data presented in this study were collected by the Office of Topography and Cadastre (OTC) in Tunisia. and 4c show the recorded B-Scans in section SC-9 along the y-axis and x-axis, respectively. The y-axis in these two figures represents the two-way travel-time of the reflected GPR pulses. All data presented in this study were collected by the Office of Topography and Cadastre (OTC) in Tunisia. 
GPR Data Analysis
Data from each scan line (along the x and y axes) in each subarea (SC-1 to SC-9) were analyzed to locate the reflections of all buried sewer lines contained in the GPR data. The data analysis consists in looking in each B-Scan for the hyperbolic shapes which are the signatures of the cylinders (sewer pipes) transverse to the scan lines [19, 20] . The GPR data, being in the standard GSSI file format (.DZT), were opened and displayed using the Matlab® free package matGPR [21] .
In fact, for transverse cylinders, GPR signals are reflected from the cylinder even before the antenna reaches it. In that case, since EM waves will propagate through longer paths than those when the antenna is directly on top of the cylinder, the two-way travel-time will be longer. This results in a hyperbolic signature having its top coinciding with the top of the buried cylinder. Figure  5 and Figure 6 show the detected pipes respectively along the x and y axes scan lines in section SC-9. 
Data from each scan line (along the x and y axes) in each subarea (SC-1 to SC-9) were analyzed to locate the reflections of all buried sewer lines contained in the GPR data. The data analysis consists in looking in each B-Scan for the hyperbolic shapes which are the signatures of the cylinders (sewer pipes) transverse to the scan lines [19, 20] . The GPR data, being in the standard GSSI file format (.DZT), were opened and displayed using the Matlab®free package matGPR [21] .
In fact, for transverse cylinders, GPR signals are reflected from the cylinder even before the antenna reaches it. In that case, since EM waves will propagate through longer paths than those when the antenna is directly on top of the cylinder, the two-way travel-time will be longer. This results in a hyperbolic signature having its top coinciding with the top of the buried cylinder. Figures 5 and 6 Data
show the detected pipes respectively along the x and y axes scan lines in section SC-9. The triangles shown on the B-Scans in the two figures indicate the positions of the detected pipes within each B-scan. Mapping of these detected pipes is depicted in the figure on the right for each case. It should be noted that in the B-Scans Sl_y_1 to Sl_y_4 (Figure 6 ), since there are no noticeable hyperbolic shapes, no sewer pipes were reported. The triangles shown on the B-Scans in the two figures indicate the positions of the detected pipes within each B-scan. Mapping of these detected pipes is depicted in the figure on the right for each case. It should be noted that in the B-Scans Sl_y_1 to Sl_y_4 (Figure 6 ), since there are no noticeable hyperbolic shapes, no sewer pipes were reported. Combining the mapping results found along the x and y axes gives the mapping of sewer lines detected in section SC-9, as illustrated in Figure 7 below. Combining the mapping results found along the x and y axes gives the mapping of sewer lines detected in section SC-9, as illustrated in Figure7 below.
Figure 7.
Combined mapping results for section SC-9 along x and y axes.
Results of the Sewer Line Mapping
The final step in this study was to combine the mapping results found for the nine sections to estimate the sewer lines mapping in the whole study area. For this part, the results of the pipes detection and mapping step were fed into the MapInfo software [17] along with the locations of the manholes, as observed from the surface. This resulted in the mapping of the sewer lines in the entire study area by interpolating the detected pipes between the manholes based on their directions as found from GPR data. The results of this part of the study are shown in Figure 8 . It should be noted that some manholes in Figure8 were not connected to the network because there was no information about the pipes going to them. To include these manholes in the mapping, GPR scans should be conducted around them as was done for the other nine sections. 
The final step in this study was to combine the mapping results found for the nine sections to estimate the sewer lines mapping in the whole study area. For this part, the results of the pipes detection and mapping step were fed into the MapInfo software [17] along with the locations of the manholes, as observed from the surface. This resulted in the mapping of the sewer lines in the entire study area by interpolating the detected pipes between the manholes based on their directions as found from GPR data. The results of this part of the study are shown in Figure 8 . It should be noted that some manholes in Figure 8 were not connected to the network because there was no information about the pipes going to them. To include these manholes in the mapping, GPR scans should be conducted around them as was done for the other nine sections. Combining the mapping results found along the x and y axes gives the mapping of sewer lines detected in section SC-9, as illustrated in Figure7 below.
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Results of the Sewer Line Mapping
Conclusions
This paper presents the mapping of sewer lines as obtained from the results of GPR surveys carried out in an urban section of the city of Tunis, Tunisia, combined with visual inspection data. The GPR system used in this study was a SIR 3000 system from GSSI using a 400 MHz ground-coupled antenna. The major steps carried out during this study are: (i) Selecting the most suitable sections around the study area to conduct GPR testing; (ii) collecting GPR data along the x and y directions in each section; (iii) manually detecting and estimating the pipes locations based on the GPR signatures of buried cylinders; and (iv) mapping the subsurface sewer lines in the entire study area based on the GPR results and manhole locations. The MapInfo software was used in this study to interpolate the missing pipes. It was shown that this technique can map an entire sewer network even though GPR data was collected from only some sections of the study area.
Future prospective studies can be carried out to obtain more information about the subsurface utilities, such as the depth and radius of pipes, and to detect and map other types of utilities such as natural gas pipes, water pipes, etc. Some steps to improve the processing of the GPR signals, such as automatic detection of pipes reflections, will be considered in a future work. Funding: This research received no external funding.
